Background and objectives: Kidney stones lead to chronic kidney disease (CKD) in people with rare hereditary disorders (e.g., primary hyperoxaluria, cystinuria), but it is unknown whether kidney stones are an important risk factor for CKD in the general population.
K idney stones and chronic kidney disease (CKD) are common, affecting 5 and 13% of the adult population, respectively (1, 2) . CKD is a recognized complication of kidney stones as a result of rare hereditary disorders (e.g., primary hyperoxaluria, Dent disease, 2-8-hydroxyadenine crystalluria, cystinuria) (3) (4) (5) , whereby nephrocalcinosis or renal crystal deposition can lead to progressive loss of GFR and ESRD at a young age. In addition, infection stones (struvite) can lead to an obstructive nephropathy with staghorn calculi and are the leading cause of ESRD attributed to nephrolithiasis (6) . Although ESRD directly attributed to kidney stones is relatively modest, with an estimated prevalence of 3.2% among patients who start maintenance hemodialysis (6) , kidney stones could still be a contributing factor in the development of CKD and its progression. A case-control study found that black patients who were on hemodialysis were three times more likely to have been stone formers than black individuals in the general population (7) . In a cross-sectional study, renal function was reduced in stone clinic patients compared with normal individuals (8) . In the general population, lower estimated GFR (eGFR) has been observed in overweight and obese stone formers (9) , and a case-control study found an increased risk for CKD in stone formers without hypertension (10); however, population-based cohort studies assessing the risk for CKD with kidney stones are lacking. Taking advantage of the comprehensive medical record linkage system in Olmsted County, MN, the incidence of CKD in the general population was compared between a cohort of stone formers and a cohort of control subjects.
Materials and Methods

Study Population
Population-based research is feasible in Olmsted County because medical care is self-contained within the community. More than 95% of the population has at least one clinic visit with a health care provider in Olmsted County every 2 to 3 yr, allowing complete enumeration of the local population. Diagnostic codes (manually or automatically coded from the final diagnoses in clinical notes) dating back to 1935 are indexed and linked among virtually all Olmsted County providers through the Rochester Epidemiology Project (11) . After institutional review board approval, all Olmsted County residents with their first diagnosis of a kidney stone from 1986 to 2003 were identified using International Classification of Diseases, Ninth Revision (ICD-9) codes 592, 594, and 274.11 and equivalent Hospital Adaptation of the International Classification of Diseases 8 (HICDA-8) codes. On manual review of 113 random charts with these codes, 70 had their first symptomatic kidney stone in Olmsted County with characteristic renal colic or with atypical pain and confirmation by imaging studies or hematuria, 25 had a kidney stone before living in Olmsted County, four had incidental (asymptomatic) kidney stones on imaging studies, five had bladder stones, and nine did not have verifiable stones. Stone formers were matched 1:3 to control subjects among all Olmsted County residents on index date (first stone episode for stone formers and nearest clinic visit for control subjects) Ϯ 5 yr, duration of medical record before index date Ϯ 5 yr, age Ϯ 5 yr, and gender. Control subjects who had a subsequent kidney stone after their index date were censored at that point and subsequently included in the stone former cohort with their own matched control subjects.
Outcomes
CKD was identified using multiple approaches. A clinical diagnosis of CKD was defined by ICD-9 and equivalent HICDA-8 codes (see Appendix). Some specific codes (chronic renal failure, diabetic nephropathy, proteinuria, nephritis and nephropathy, and hypertensive renal disease) were analyzed individually. Deaths overall and with CKD listed as a cause were identified from Minnesota State death certificates. All maintenance dialysis (hemodialysis or peritoneal dialysis) and kidney transplants in Olmsted County were enumerated in clinical databases. A composite end point was defined by ESRD (dialysis or transplantation) or death with CKD (12) .
Independently, CKD was assessed via serum creatinine (SCr) levels available from the Mayo Clinic electronic medical records from 1983 to 2006. SCr levels were standardized by exchanging 146 frozen serum samples collected from 1999 through 2000 with the Cleveland Clinic (standardized SCr ϭ Ϫ0.265 ϩ 1.092 * Mayo Clinic SCr) (13) . CKD was classified by an elevated SCr level (Ͼ97.5th percentile in regional kidney donors: Ͼ1.3 mg/dl in men and Ͼ1.1 mg/dl in women) (13, 14) , which identifies individuals with a GFR less than expected with normal aging (15, 16) . CKD was also classified by an eGFR Ͻ60 ml/min per 1.73 m 2 using the SCr-based Modification of Diet in Renal Disease equation (17) . To distinguish CKD from acute renal failure, analyses required the first SCr level Ͼ90 d after the initial SCr elevation (or eGFR Ͻ60 ml/min per 1.73 m 2 ) and all intervening SCr levels to meet the threshold requirement.
Comorbidities
The initial date of clinical diagnoses that have been associated with kidney stones or CKD (hypertension, diabetes, obesity, dyslipidemia, gout, alcohol dependence, tobacco use, coronary artery disease, heart failure, cerebral infarct, and peripheral vascular disease) were identified from ICD-9 codes (see Appendix) and equivalent HICDA-8 codes.
Statistical Analyses
Patients were excluded from analyses for incident CKD when they had clinical CKD or ESRD before the index date or within 90 d after the index date or when they had an elevated mean SCr during the 3 yr to 1 mo before the index date. In addition, patients with no follow-up clinic visits Ͼ90 d after the index date were excluded. Patients without incident CKD were censored as of their last clinic visit or death or on December 31, 2006, whichever came first. Incident SCr elevations were based on follow-up SCr tests with dates Ͼ90 d after the index date. Additional analyses assessed the incidence of eGFR Ͻ60 and Ͻ30 ml/min per 1.73 m 2 during follow-up, and these analyses excluded patients with prevalent eGFR Ͻ60 ml/min per 1.73 m 2 instead of prevalent elevated SCr at baseline. To assess for detection bias (18) between stone formers and control subjects, we compared the proportion with at least one follow-up SCr test. To address potential detection bias, we performed a subset analysis by limiting the sample to patients with at least one follow-up SCr test and with censoring by the last SCr test date. Because of these exclusions, matching was not retained in analyses. Logistic regression was used to calculate the odds ratios (OR) for prevalent CKD in stone formers compared with control subjects. Survival free of subsequent CKD was estimated using the KaplanMeier method. The association of kidney stones with subsequent CKD events was assessed using Cox proportional hazards models with adjustments for age, gender, and comorbidities. Comorbidities were considered as fixed covariates (present before the index date). Results were similar with adjustment for comorbidities occurring after the index date (considered as time-dependent covariates; data not shown). Models also evaluated CKD events with death as a competing risk. Hazard ratios (HR; i.e., CKD event rate in stone formers relative to control subjects) and 95% confidence intervals (CI) were reported. Figure 1 diagrams the sampling framework. A total 4774 stone formers and 12,975 control subjects were identified from the Olmsted County general population between 1986 and 2003. After exclusion of patients with prevalent clinical CKD or prevalent elevated SCr and those who lacked clinic visits 90 d after the index date, 4066 stone formers and 10,150 control subjects were followed for incident CKD. Only 2.1% of these patients were nonwhite, consistent with the racial distribution of the community (96% white in 1990). As a consequence of the matching, stone formers and control subjects were similar with respect to age (mean 44 yr), gender (59% male), and length of medical record documentation before the index date (mean 18 yr). The mean Ϯ SD (range) follow-up to last clinic visit or death was 8.6 Ϯ 5.4 yr (0.25 to 20.93 yr) in stone formers and 8.7 Ϯ 5.3 yr (0.25 to 20.96 yr) in control subjects. As shown in Table 1 , stone formers were more likely than control subjects to have a baseline diagnosis of hypertension, diabetes, obesity, dyslipidemia, gout, or coronary artery disease and were less likely to have a diagnosis of alcohol dependence. Stone formers were also more likely to have at least one SCr test Ͼ90 d after the index date (73 versus 61%; P Ͻ 0.0001). A total of 2969 stone formers and 
Results
Baseline Characteristics
Prevalence of CKD
Incidence of CKD by Clinical Diagnosis
After exclusion of patients with prevalent CKD, stone formers were more likely to receive a subsequent diagnosis of clinical CKD compared with control subjects (HR 1.67; 95% CI 1.48 to 1.88; Figure 2A) . Accounting for the competing risk for death only lowered clinical CKD event rates slightly (2 percentage points in both stone formers and control subjects at 18 yr). Some specific diagnostic code categories (chronic renal failure, diabetic nephropathy, and proteinuria) were increased among the stone formers (Table 2) . Stone formers trended toward a higher risk for ESRD or death with CKD (HR 1.34; 95% CI 0.81 to 2.23), but this was not statistically significant (P ϭ 0.25; Figure 2B ). In the subset with follow-up SCr levels, the risk for clinical CKD remained increased in stone formers (HR 1.50; 95% CI 1.32 to 1.70). The increased risk for clinical CKD among the stone formers remained statistically significant and did not change substantively after adjustment for age, gender, and comorbidities (Table 3) . Unlike previous reports (9, 10) 
Incidence of CKD by SCr
There was a higher incidence of sustained elevated SCr (Figure 2 , C and D) and sustained reduced eGFR among stone formers compared with control subjects. Table 4 compares the risk for SCr events with CKD defined by elevated SCr versus reduced eGFR, with event censoring by last clinic visit versus last SCr test, and with CKD defined with any duration versus a sustained duration. Regardless of approach, stone formers had an increased risk for CKD (P Յ 0.01 for all). The increased risk for developing an elevated SCr among stone formers remained statistically significant and did not change substantively with adjustment for age, gender, and any comorbidity ( 
Discussion
In this population-based cohort study, the risk for developing CKD among stone formers was increased compared with control subjects. Risk for a clinical diagnosis of CKD was 50 to 67% higher, risk for a sustained elevated SCr was 26 to 46% higher, and risk for a sustained reduced eGFR was 22 to 42% higher. These increased risks were independent of comorbidities associated with CKD. During an average of 8.6 yr of followup, there was no statistically significant increased risk for ESRD or death with CKD.
It is interesting that there was an increased risk for CKD before the first diagnosis of kidney stones. The manual chart Identifying CKD can be elusive because the disorder is usually asymptomatic, and diagnosis relies on biomarkers that do not cleanly demarcate between normal and disease, namely SCr (or eGFR) and urinary protein. Thus, multiple approaches were used to classify CKD in this study. Diagnostic codes have the advantage of contributing clinical context and judgment in the interpretation of laboratory and radiologic studies that are used to diagnose CKD, but chronicity may be unclear and knowledge of previous kidney stones may influence the diagnosis. Individual codes can also help characterization of the disease, and, in this study, stone formers seemed to be at increased risk for a renal disease with proteinuria. Individual codes should also be interpreted with caution. Any patient who has diabetes and develops CKD will likely receive a "diabetic nephropathy" diagnosis. "Hypertensive renal disease" may be preferentially diagnosed in patients who have hypertension and develop CKD with no other risk factors. ESRD is the "hardest" end point for CKD, but this event only occurred in 66 patients, and longer follow-up may be needed to detect an association. Several factors need consideration with a SCr-based classification of CKD (Table 4) . It is debatable whether an eGFR Ͻ60 ml/min per 1.73 m 2 in older individuals with normal SCr levels is an adequate criterion for a disease (15,16,19 -25) . This study found that stone formers were at increased risk for CKD defined by either an elevated SCr or a reduced eGFR; however, stone formers may be more likely to have SCr tests obtained during follow-up and, thus, be more likely to have their CKD detected. There was indeed evidence of a detection bias, with 73% of stone formers having at least one follow-up SCr test compared with 61% of the control subjects; however, when limiting the sample to only patients with follow-up SCr tests at the Mayo Clinic (censoring by last SCr test), stone formers were still at an increased risk for CKD. This alternative approach addressed the detection bias but likely led to a selection bias, particularly in control subjects. Patients with follow-up SCr levels at the Mayo Clinic (the only provider of urology and nephrology subspecialty care in the county) were likely at higher risk for CKD than patients who did not have follow-up SCr levels or had follow-up SCr levels only at other providers. The mechanism by which kidney stones could increase the risk for CKD is not fully clear. Characteristics of stone formers that have been associated in other studies with risk for ESRD include hereditary stone disease, struvite stones, urinary tract infections, frequent stone episodes, obstructive uropathy, and urinary tract anomalies (6, 26) . Before ESRD, different factors may mediate an increased risk for CKD. Hypertension, diabetes, obesity, dyslipidemia, and gout all were associated with kidney stones, as others have reported (27) (28) (29) (30) . The HR remained relatively constant adjusting for these factors, and there was little evidence that these factors explained the increased risk for CKD. Further studies are needed to determine whether the risk for CKD in community stone formers is related to medications (e.g., thiazide diuretics [31, 32] , citrate [33] , analgesic nephropathy), stone type (8), urinary tract infections (34) , shock wave lithotripsy (35, 36) , recurrent obstruction with high stone burden (37), or damage from chronic crystalluria (particularly calcium oxalate) (26).
There were several potential limitations to this study. Laboratory measures of urinary protein and SCr levels from Olmsted County providers besides the Mayo Clinic were not available. Kidney stone events that occurred outside Olmsted County were not detected. The sample was predominantly white, and the risk for CKD with kidney stones may differ in other race groups (7, 38) . Information on stone type, stone burden, medications (e.g., thiazide diuretics), lithotripsy, and other surgeries were not available, and the risk for CKD may vary depending on these factors. Alternative methods to classify comorbidities besides diagnostic codes could lead to different results. Finally, stone formers were more likely to have Ͼ90 d of follow-up than control subject (93 versus 82%). Including patients with Ͻ90 d of follow-up would have increased the risk estimates for CKD in stone formers.
Conclusions
Kidney stones were predictive of developing CKD whether judged by a clinical diagnosis, elevated SCr, or reduced eGFR. There was not a statistically significant increased risk for ESRD. Few stone formers are medically evaluated and treated to prevent recurrent stones. CKD is an important independent predictor of cardiovascular disease and mortality before ESRD (19, 39) . Patients with kidney stones may warrant more aggressive screening for subclinical CKD, and, if identified, measures to ameliorate progression may be important (e.g., angiotensin blockade) (40) . It is also possible that aggressive medical treatment to prevent recurrent kidney stones may decrease the risk for CKD. 
